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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MFMORANDUM

THE EFFECTS OF INCREASING THE fEADING—EDGE RADIUS AND ADDING
FORWARD CAMBER ON THE ABRODYNAMIC CHARACTERTSTICS
OF A WING WITH 35° OF SWEEPBACK

By Fred A. Demele and Fred B. Sutton
SUMMARY

A wind—tunnel investlgation has been conducted to determine the
effects of & section modification on the aerodynamlc characteristics of
a wing with 35° of eweepback. The wing was modified by increasing the
leading—edge radius of the original HACA 6LAO0I0 section and introducing
a small amount of camber over the forward portion of the chord.

Lift, drag, pltchling—moment, and tralling—edge-flap hinge—moment
characteristics (flap undeflected) of the modified wing are compared with
the characteristics of the wing without the modlfication. The Reynolds
number was varled from 2,000,000 to 11,000,000 at a Mach mumber of 0.21,
and the Mach number was varied from 0.21 to 0.94 at = Reynolds number of

2,000,000. : .

The results of this investligatlion reveal that the aerodynamic char—
acteristics of the modified wing were much more sensitive to changes in
Reynolds number +than those of the origlinal wing. At a Mach mmmber of
0.21 and Reynolds numbers of 2,000,000 and 3,000,000 the modification
resulted 1n only slight lmprovement Iin the asrodynamic characterigtics
of the wing. At this same Mach nwmber but at Reynolds numbers of
7,000,000 and 11,000,000, the effect of the modification was to delay
separation effects on the wing to much higher 11ft coefficlents, the
increase of 1ift coefflclent belng of the order of 50 percent at a
Reynolds number of 11,000,000, This Improvement was indicated by the
11f%, drag, pltching—moment, and flap hinge-moment data.

At a Reynolds mumber of 2,000,000 the modificatlion resulted in
little change in the compressibllity effects on the aserodynamic char—
acteristics of the wing. The lack of an improvement in the aserodynamic
characteristics at the higher Mach numbers may be a result of the low
Reynolds muiber at which the high-speed data were cbtained.
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INTRODUCTION

It has been noted in previous investigations (e.g., reference 1)
that swept—back wings without twist or camber and having small leading— - - -
edge redil undergo serlous changes 1n aserodynamic characteristice at o
relatively low 1lift coefficilents. It is belleved that these deficiencles
may be the result of leading—edge separatlon assoclated with the use of
sectlons having small leading—edge radil such as thin NACA 6—series
sections.

Preliminary tests conducted at low speed have 1ndicated that modl-
Tying a swept—back wing with thig type of sectlion by incressing the
leading—edge radius and introducing a small amount of camber over the
forward portion of the chord delayed separation to higher angles of
attack., The present lnvestigation, conducted 1n the Ames 12—foot pres—
gure wind tunnel, was undertaken to extend the atudy of the effects of
guch modifications over a wide range of Reynolds mumbers and to high
subsonic Mach numbers.

The model wing, which was modified for this investigation, had 35
cf sweepback and employed the NACA 64A010 section normal to the quarter—
chord line. The modlfication entalled an increase in the leading—edge
radius and the additlion of a small amount of ceamber over the forward v
portion of the chord. Ae & basls for Judglng the effectivensss of the
rodification, date from reference 1 on the ummodiflied wing have been
included herein. The data for both wings have been reduced to coeffi-—-
clent form on the basis of their respective wing areas.

NOTATION

The coefficients and symbols used in thise report are defined a8
follows: : -

Cp  drag coefficient ( y£§>

Opyip minimm drag coefficlent

Cp drag coefficlent at zero 1ift
C

Cy hinge-moment coefficient (hinge—moment>

Cy, 11f+ coefficlent <11f t) \

OLG 1ift—curve slope <d_.¢7>’ per degree
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Cp

pltching-moment coefficlent abourt the quarter polnt of the mean

1tchl moment
aserodynamic chord G ne >

aSc
t ratio( D
aspect ratio Qﬁz)

1ift-drag ratio <alli.ft

Mach number

first moment of the flap srea behind. the hinge line sbout the
hinge 1ine, feet cubed

Reynolds mumber (-%)
semispan wing area, square feet

free-gtream velocity, feet per secund

lateral distance to mean a.erodyna.mic chord from plane of symmetry,
feet

sémispan, measured perpendicular to the plane of symmetry, feet
chord, measured parallel to the plane of syrmetry, feet

chord of baslc wing, measured perpendicular to quarter—chord line,
feet

f'b/ 2
mean sercdynamic chord s feet
/ 2 ¢ dy

chord of the flap behlind the hinge line, measured perpendicular
to the hinge 11ne, feet

free-stréam dynamic pressure <-]é'-p72> » pounds per square foot
lateral distance from plane of symmetry, feet

angle of attack, degrees

absolute viscoslty, slugs per foot—second

density of alr, slugs per cublec foot
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MODEL AND APPARATUS

The model used in this investigation was the semlspan wing used 1n
the tests reported in reference 1 with the NACA 64A010 airfoil section
(normal to the quarter—chord line) modified by increasing the leading—
edge radlus from 0.687— to 1.600-percent chord of the basic NACA 644010
sectlon and Introducing & small amount. of camber over the forward Pportion
‘of the chord. The resulting mean camber line resembled the NACA 240
wlth the camber reduced to correspond to a design 1ift coefficlent of
0.1. The basic wing had the gquarter—chord line swept back 35°, a taper
rqtio of 0.5, and an aspect ratio of 4.5. The modification made to the
wing 1s shown in figure 1, and the coordinates for the NACA 644010 air—
foll section and the revised leading edge are shown in table I.

The model was equipped wlith a full-span, radius—mose, sealed,
tralling—edge flap. The chord of the flap was 30 percent of the chord
of the basic airfoil sectlon, normael to the quarter-chord line. Details
of the flap are shown ln figure 1. :

The wing was constructed of solld steel and the flap of alumlnum
alloy. The wing was modifled by bullding up the forward 20 percent,
melinly on the lower surface, with a tin—blsmith alloy and recontouring
to the coordlnates shown in tebie I.

The model was mounted vertically wlth the wind—tumnel floor serving
as g reflectlon plane as ghown in figure 2. The turntable upon which
the model was mounted was directly connected to the force-measuring sppa—
ratns., The flap hinge moments were measured wlth a reslstance—type elec—
trilc strain gage mounted beneath the turntable cover plates.

TESTS

To determlne independently the effects of Reynolds rumber and Mach
mubeyr .on the aerodynemlc characteristice of the modified wing, the
investigatlion was conducted at Reynolds numbers from 2,000,000 to
11,000,000 at a Mach number of 0.21 and at Mach numbers from 0.21 to
0.9% at a Reynolds number of 2,000,000. ILift, drag, pltching moment,
and. hinge moment were measured through an angle—of-attack range from
-10° to 2&0, except at high Mach numbers where wind—tunnel power llmi-—
tatlons prevent testing at the higher angles of attack. All data were
taken wlth the flap undeflected.
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CORRECTIONS

The data have been correclted for the effects of tumnel-wall inter—
ference, including constriction due to the presence of the tunnel wells,
and for model-support tare forces. Deflection of the wing and of the
flap due to aerodynamic loadlng was negligible so no correction has been
epplied for the effects of sasercelastic deformation.

Tunnel-Wall Interference

Correctione to the data for the effects of btummel—wall interference
have been evaluated by the methods of reference 2. The corrections
added to the drag coefficlent and to the angle of attack were

Ja's?

0.329 .Cy,, degrees
ACp = 0.00502 G2

The pitching—moment and hinge-moment data were not corrected since the
corrections would have been extremely small,

Constriction Effects

Corrections applied for the constrictlon effects due to the presence
of the tunnel walls were compubted by the method of reference 3. Thse
correctlons have not been modified to allow for the effect of sweep. *
The following teble shows the magnitude of the correctlons to Mach num—
ber and dynamic pressure:

Corrected Uncorrectsed 9saorrected
Mach number Mach number q-un;_—g-i_orrected
0.210 0.210 1.001
<600 . 600 1.001
800 . 798 1.002
.850 848 1.003
. 900 .896 . 1.005
.930 .923 1.008

.940 .932 1.009



6 NACA RM AS0K28a

Tares

A correction to the drag data wes made to allow for forces on the
exposed surface of the turntable. The varlation of turntable drag with
Mach number and Reynolds number was determined from tests with the model
removed from the tummel. Subsequent to the tests reported in refer-—
ence 1, revisions have been made to the wind—tunnel turntaeble which have
altered the drag tares slightly from those previously presented 1n ref-—
erence 1, Turnteble drag coefficlents, based on the area of the semi-
span wing, are presented Iin the folliowing table:

M Rx 10° Cp tare
0.21 11.0 0.0050
.21 7.0 . 0052
.21 3.0 . 0055
.21 2.0 . 0055.
.60 2.0 . 0065
.80 2.0 0072 :
.85 2.0 L0075 .
.90 2.0 .0078 B
.93 2.0 .0080
.oL 2.0 .0081 .

Wo attempt was made to evaluate tares due to possible lnterference
effects between the model and the turntable, but they were belleved to
be small.

RESULTS AND DISCUSSION

To show the effectiveness of the modification, the aerocdymamic char—
scterlstics of the modifled wlng are.compared wlth those of the basic
wing of reference 1.

Effects of Reynolds Nurmber

General aero ¢ characterigticg.— Lift, pltching-moment, drag,
and hinge—moment coefficients are presented in figure 3 for Reynolds :
nuubers from 2,000,000 to 11,000,000 &t & Mach number of 0.21. It can be .
seen that, while the aerodynamic characterlstics of the basic wing were
moderately sensitive to changes in Reynolds number, thils sensitivity was
greatly lncreased as a result of the modification. At Reynolds numbers -
of 2,000,000 and 3,000,000 the modification effected omly a slight . o
improvement in the characteristics of the basic wing. At Reynolds
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numbers of 7,000,000 and 11,000,000 the effect of the modification was
to increase the 1lift coefficlent at which separstlon effects resulted
in large changes in the wing characteristics, the increase of 1ift coef—
ficient being of the order of 50 percent at a Reynolds number of
11,000,000. This delay of separatlon to higher 1ift coefflclents by the
modification was reflected in an increase 1n the 1ift coefficlent at
which the abrupt forward shift of the aserodynamic center occurred, as
shown in figure 3(b). This forward shift in the aerodynamic center is
believed to be the result of changes in the spanwise distribution of
load occurring as a result of separation on the outer portions of the
wing. At a Reynolds number of 2,000,000, this sudden instablility
occurred at a 1ift coefficlent of 0.77 as compared to 0.60 for the basic
wing; at the highest Reynolds number of the test (11,000,000), the
abrupt forward shift of)the aerodynamlic center occurregoat(a 1ift coef-—~
ficient of 1.18 ( as compared to a value of O. 0.9 )
for the basic wing?Lmax . CLmax

The reductlon in drag effected by this delay of separation can be
seen in figure 3(c). At Reynolds numbers of 2,000,000 and 3,000,000
the modificatlon caused decreases in drag above a 11ft coeffliclent of
about 0.50; at Reynolds numbers of 7,000,000 and 11,000,000, large reduc—
tions in drag were evident at 11ft coefficlents above &bout 0.65.

The effect of the modification on the hinhge-moment coefficlents of
the flap is shown in figure 3(d). At Reynolds numbers of 2,000,000 and
3,000,000, the modification bhad l1little effect on the flap hinge moments.
However, at Reynolds numbers of 7,000,000 and 11,000,000, the angle—of—
attack range over which the hinge—moment curves remasined essentlally
linear was substantially increased as a result of the modification.

Thus it 1s apparent that under these conditions the modiflication was
highly effectlve in allevisting the separation effects responsible for
the severe upfloat tendency of tralling—edge flaps on swept—back wings.

Liftdrag ratio.— Presented in flgure & is the 1ift—drag ratio as
a function of 1ift coefflclent for various Reynolds nmumbers. These data
reflect the drag reductions at the higher 1ift coefficients which were
noted in figure 3(c). The modification slightly incressed the maximum
lift—drag ratio at low Reynolds numbers, but had 1ittle Influence on the
maximm value at the highest Reynolds number.

Drag due to 1ift.— The effects of Reynolds number on the drag due
to 11ft Cb—CDO of the modified wing and of the basic wing are pre—

sented 1n figure 5. Also shown In thls figure 1s the calculated ilnduced
drag coefficient for a wing having the same aspect ratio (4.5) as the
basic wing and an elliptical span load distribution, Cpy = CrZ/mA. At
a Reynolds number of 11,000,000, CD—CDO of the modifled wing did not

greatly exceed the induced drag for elliptic loading untili maximm 1ift
was attained. At the same Reynolds nurber, CD—CDO of the baslic wing
increased abruptly at only T5 percent of 1ts maximum 1ift. At Reynolds
numbers of 2,000,000 and 3,000,000, GD—CDO for the basic wing
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increased rapldly at relatively low 1lift coefficients, this rapld
increase belng delayed to slightly higher 1ift cocefficlients as a result
. of the modificatlion. If the rapld drag rise ls taken as & measure of
the 1ift coefficient at which flow separation first occurred on the
wing, the effect of the modiflicatlon was to delay separation at a
Reynolds number of 11,000,000 to a 1ift coefficient almost 75 percent
higher than that for 'bhe basic wing,

Effects of Mach Number

General aerodynamio characterlgtics.— ILift, pitching—moment, drag,
and hinge-moment coefficlents are presented in figure 6 for Mach mumbers

from 0.21 to 0.9% at a Reynolde mumber of 2,000,000. Although the
results show only minor changes in the wilng characteristlics due to the
modification, it should be emphasized that these data were obtalned at
a Reynolds number of 2,000,000 and are probably subject to the large—
scale effect previously noted with the low-epeed data.

At Mach mmbers of 0.21 and 0.60, the modification increased
8lightly the 1ift coefflcient et which separation ocourred on the wing.
This 1s 1ndicated by the 1ift, drag, and pitching-moment data of fig—
ure 6. At Mach numbers of 0.80 and above, tha modification resulted in
virtually no improvement in the aerodynamlc characteristics of the wing.
The negatlive value of the pltching-—moment coefficlent at zero 1lift and
the negatlve angle of attack for zero 1lift, which resulted from the for—
ward camber, lncreased with incressing Mech nmumber. Generally, the
modification had 1ittle effect on the angle of attack at which the large
increase of flap hinge moment occurred.

Lift—curve slope.— The variation of lift—curve slope (measured
through Cr, = 0) with Mach number i1s shown in figure 7. The effects
of Mach number were slmllar for both the basiec wing and the modifled
wilng; the lift—curve slope gradually increased up to a Mach number
slightly greater than 0.90, and then abruptly decreased with further
increase 1n Mach number.

Aerodynamic center.— Figure T also shows the effect of Mach number
on the locatlon of the aerodynamic center (measured through CT, = 0).
The effects of compresslibllity were simllar for the two wings; the asro—
dypamic center remsined essentially fixed up to a Mach number of 0.85 and
rapidly moved rearward wilth further increase in Mach number. At Mach num—
bers up to 0.85 the serodynamlic center of the modified wing was 1 to 3
percent of the mean aerodynamlc chord ashesd of the aerodynamlc center of
the basic wing.

Mindmuwm drag.— Also presented in figure 7 1s the variation of mini-—-
mum dreg coefflclent with Mach number. At a Mach number of 0.21 the
modified wing had a minimum drag coefficlent of approximately 0.0060 as
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compared to approximately 0.0050 for the basic wlng. These wvalues
increased slightly with Mach number up to a Mach mmmber of about 0.90
gbove which the drag coefflclents for both wings Increased rapidly. At
& Mach number of 0.9%, the basic wing showed a higher minimm drag coef—
ficlent than did the modified wing. While the reason for the. higher
minimim dreg of the basic wing at this Mach mumber is unknown, it should
be mentioned that the choklng Mach number of the tummel 1s only slightly
greater than 0.94. The Mach mumber for drag divergence (Mach rumber at
which Cppy,/3 = 0.10) was approximately 0.92 for the modified wing

as compared to about 0.91 for the basic wing.

CONCLUSTONS

Tests have been conducted of a wilng having 35° of sweepback and an
aspect ratlo of 4.5 to determine the effect of modifying the origlnal
NACA 64A010 sectlon by increasing the leading—edge radius and concur—
rently introducing a small amount of. camber over the forward portion of
the chord. A comparison of the aerodynamic characteristics (flap
undeflected) of the modified wing with those of the basic wing Iindicates
the following concluslons: _

1., Whereas the aerodynamlc characterlistics of the basle¢ wing were
gomewhat sensitive to changes In Reynolds number at a constant Mach num—
ber of 0.21, this sensltlvity to scale effect was greatly lncreased as a
result of modificatlon.

2. A%t a Mach number of 0.21 and & Reynolds mumber of 11,000,000,
modifying the wing resulted in approximately a 50—percent lncrease in
the 11t coefficlent at which flow separation caused large changes in
the wing characteristics. This lmprovement was Indicated in the 1ift,
drag, pltchling-moment, and flap hinge—moment deta.

3. At Reynolds numbers of 7,000,000 and 11,000,000, the angle—of—
attack range over which the hinge—moment curves remalined essentially
linear was substantially inoreased as a result of the modification.

L, At a Reynolds number of 2,000,000, the modificatlon effected
only a slight lmprovement in the serodynamic characteristics of the wing
at Mach numbers of 0.21 and 0.60, and virtually no improvement at Mach
mimbers above 0.60. The lack of greater improvement may be a result of
the.low Reynolds numbers at whlch these data were obtalned.

Ames Aeronautical Leboratory,
Rational Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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TABLE I, — COORDINATES FOR THE NACA 64AQ010 AIRFOIL SECTION
AND THE MODIFIED NACA 64A010 ATRFOIL SECTION

[A11 dimensions Iin percent of chord of original NACA 6h4A010 alrfoil]

Coordinates
HACA 6480 Modified -
10 NACA 64A010
MEE!L ) Ordinates
Station Upper Station
: and Upper Lower
lower R
- - -0.72 —0.87 -0.87
- - - Ti - 75 —1.02
- - —.50 —.09 —1.69
- - -.25 .23 —2.03
o} 0 o} k6 -£.25
.50 .80 .50 .82 —2.54
BN 97 -1 -« 9T —2.67
1.25 1.23 1.25 —-2.88
2.50 1.69 2.50 —3.25
5.00 2.33 5.00 T —3.58
T7.50 2.81 7.50 —3.72
10.00 3.20 10.00 o —3.81
15.00 | 3.81 15.00 S —3.96
20.00 | k.27 20.00 %
30.00 L, 84 30.00
ko.00 5.00 40.00 3 S
50.00 | k.68 50.00 g
60.00 4,02 60.00 g e
70.00 3.13 70.00 w "
80.00 | 2.10 80.00 «
90.00 1.06 90.00 : g
95.00 .5k 95.00
100. 00 .02 100.00 3
L.E. radius: 0.687 ‘L.E. radius: 1.600
T.EBE. radius: 0.023 T.E. radlus: 0.023

{






- Dimenstons shown in inches /.34 Basic |Modified
unless otherwise noted. e ) 95— wig wing
L, / Aspect ratio 4.5 4,964
25 chord' of basic Taper raflo D5 05
wing section Area_semispon |4443 f1'14.459 1t
Flap area L204 11" L204 I}
Flap hinge line, .70 chord ; z 1958 fr |1470 f1.
of basic wing section Y /408 1 {1409 1}
Q
Modified L.E. Q
"
NACA 644010 c__
basic wing
section d ; A
/9o . See toble I Section A-A

for coordinales

Figure 1- Geomelric characleristics of the model.
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Figure 2.— Photograph of the wing mounted 1n the Ames 12—foot
pressure wind tunnel.
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Figure 3- The affect of Reynolds number on the low-speed aerodynamic characteristics, M, 0.2/.
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Figure 3.~ Continued.
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LIft coefficient, (G,
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Hinge-moment .coefficient, C,
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= L. ~ T

[T T
Flagged symbols
* for basic wing.
k-//,aaa,aoo
— =i N
§ . \t\ \
N R=7000,000 N
& I\ ,
& - e
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ol R=3,000,000 \%\
o %
<04 M &\f
R=2,000,000]\
\ —¥
=08 \' \}\
=/2
=16 -
=20 -
-/12 -8 -4 o 4 & 2 /6 20 24

Angle of attack, a, deg

(d) G, vs o,

Figure 3- Concluded,
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